ABSTRACT We describe a cell-free system in which the membrane glycoprotein of vesicular stomatitis virus is rapidly and efficiently transported to membranes of the Golgi complex by a process resembling intracellular protein transport. Transport in vitro is energy dependent and is accompanied by terminal glycosylation of the membrane glycoprotein (dependent upon UDP-lcNAc and resulting in resistance to endo-f-Nacetylglucosaminidase H). The elucidation of the mechanisms of assembly of cellular membranes and of the organelles that these membranes define poses a major challenge to cell biologists. In particular, it will be important to understand how distinct sets of proteins are delivered to the different subcellular organelles so as to confer upon them their distinct functions. How is this highly specific intracellular transport and sorting of proteins accomplished?
upon UDP-lcNAc and resulting in resistance to endo-f-Nacetylglucosaminidase H). The elucidation of the mechanisms of assembly of cellular membranes and of the organelles that these membranes define poses a major challenge to cell biologists. In particular, it will be important to understand how distinct sets of proteins are delivered to the different subcellular organelles so as to confer upon them their distinct functions. How is this highly specific intracellular transport and sorting of proteins accomplished?
An essential step towards obtaining a molecular description of these complex cellular events will be to achieve conditions under which the same transport of nascent proteins can proceed in cell-free extracts, for only then can the tools of biochemistry be fruitfully applied. We describe here experiments demonstrating that it is possible to obtain transfer of protein between specific organelles in a cell-free extract by a reaction resembling that of intracellular protein transport. For these studies we have utilized Chinese hamster ovary (CHO) cells infected with vesicular stomatitis virus (VSV) as a well-defined system in which to investigate the transport of a membrane protein destined for the plasma membrane (1) .
The viral glycoprotein (G protein) that will reside in the membrane of the mature virion is the only glycoprotein synthesized in VSV-infected cells. Like cellular surface glycoproteins, G is synthesized in the endoplasmic reticulum (ER), is transported to the Golgi complex,* and is then transported to the plasma membrane (1) . Clathrin-coated vesicles appear to mediate both of these transport steps (6) . The small genome of VSV (encoding only five proteins, all found in virions) provides assurance that the maturation of G follows host-specific pathways.
During its synthesis in the ER, G acquires two mannose-rich oligosaccharides that are subsequently processed as G passes through the Golgi complex (2, 3, 7) . This change in oligosaccharide structure provides an indirect means for assaying the arrival of G at the Golgi complex. Endo-H has proved useful in this regard, because this enzyme will cleave the mannose-rich precursor oligosaccharides of G, causing a marked reduction of apparent molecular weight, but will not attack the Golgiprocessed oligosaccharides (7) .
The general approach we have taken to obtain transport of (12) . The CHO cell mutant (clone 15B, obtained from Stuart Kornfeld, Washington University) was grown as a monolayer (8) . Stock of VSV (Indiana strain) was prepared from CHO cells (12 Cells were centrifuged, washed once with Pi/NaCL and swollen in 10 ml of 15 mM KCI/1.5 mM magnesium acetate/i mM dithiothreitol/10 mM Hepes-KOH, pH 7.5. After centrifugation, the total volume was reduced to 0.9 ml, and the cells were resuspended and then disrupted with 20 strokes of a 7-ml tight-fitting Dounce homogenizer (Wheaton, Millville, NJ).
Then, 90 ,ul of a concentrated buffer was added to yield the following final concentrations: 45 mM Hepes-KOH at pH 7.5, 75 mM KCI, 5 mM magnesium acetate, and 1 mM dithiothreitol. The homogenate was centrifuged at 600 X g for 5 min. The resulting postnuclear supernatant (referred to hereafter as "extract") was removed and was either used at once or frozen in portions in liquid N2 and stored at -80°C. Frozen extracts were stable for several months. For extracts of untreated 15B and of wild-type CHO cells, 108 cells were swollen, lysed, and processed as described above. Incubation of Extracts. For most experiments, 5 Ml of
[35S]methionine-labeled extract from CCCP-treated, VSVinfected 15B CHO cells was mixed with 25 ,l of extract from untreated wild-type CHO cells and 45 ,l of an incubation cocktail. The cocktail contained 2.9 mM ATP (Na form pH 7), 14.3 mM creatine phosphate (Na form), rabbit muscle creatine kinase (Calbiochem) at 11 international units/ml, 1.4 mM UDP-Gal (Na form), 1.4 mM UDP-GlcNAc (Na form), 1.0 mM dithiothreitol, 4.5 mM magnesium acetate, 75 mM KCl, and 67 mM 4-morpholineethanesulfonic acid (Mes)-KOH at pH 5.9. The final pH of the incubation mixture was 6.3. Incubation was at 370C. Samples (15 result we concluded that G could not be transferred all of the way from its site of synthesis in the rough ER to the Golgi complex in vitro.
The following reasoning based on observations of secretory proteins (14, 15) served to explain this negative finding as well as to motivate the design of the successful experiments outlined below. Transport vesicles appear to bud off specifically from the smooth "transitional elements" of ER (14, 16) . After a brief pulse label followed by homogenization, most of G would not be in vesicles derived from these transitional elements, but rather would be in the rough microsomes. These vesicles would be "dead ends" in vitro, unable to package G into the transport vesicles needed to travel to Golgi. It might therefore be essential to prepare extracts from cells in which pulse-labeled G had been trapped in the "transitional elements" of ER or at an even later stage of maturation in order to obtain efficient transport (involving fewer steps) in vitro.
Treatment of secretory cells with inhibitors of oxidative phosphorylation immediately after a brief pulse of radioactive amino acids causes the accumulation of the radioactively labeled secretory proteins in the ER and its transitional elements (14, 15) . The energy-dependent step blocked by this procedure seems to be the formation of the vesicles that carry secretory proteins from the transitional elements of the ER to the Golgi complex (14, 15 
added chymotrypsin; this block is reversible, because removal of CCCP from the medium results in the subsequent conversion of G to an Endo-H-resistant form (data not shown). This suggests that CCCP causes the intracellular accumulation of G at a step prior to passage through the Golgi complex.
An extract was prepared from VSV-infected 15B cells that had been pulse-labeled for 5 min with [asSImethionine, and then incubated at 370C for 20 min in glucose-free medium containing CCCP. This extract was then incubated with an extract of untreated wild-type CHO cells, ATP, an ATP-regenerating system, UDP-GlcNAc, and UDP-Gal. Up to 60% of the total
[&"SIG protein was converted to Endo-H-resistant forms (Fig.   1A, group 3) . When CCCP was added to the cells but the subsequent in vivo incubation at 370C was omitted, active extracts did not result (Fig. 1A, group 2 (12) . Fig. 3 shows the kinetics of the appearance of Endo-H-resistant G quantitatively, as well as the effect of lowering the concentration of wild-type membranes in the incubation mixture. (The Endo-H-resistant bands just described were considered together in determining the percent of Endo-Hresistant G that had been produced.) At was reduced by 6-fold or 36-fold by adding wild-type extract diluted with a cytosol fraction in place of undiluted extract. A delay in the appearance of Endo-H resistance that was noticeable at the high membrane concentrations became prominent at the 36-fold dilution. This delay in the processing probably reflects a concentration-dependent transit time required for G to go from its origin in 15B membranes to the site of oligosaccharide processing in the wild-type Golgi membranes.
Transfer of G Occurs Among Sealed Vesicles, Before incubation (Fig. 4, 0 min) , 83% of the total G protein in extracts was protected from extensive tryptic hydrolysis and preserved   FIG. 4 . Accessibility of G protein to trypsin before and after oligosaccharide processing in vitro. Measurement was based on the procedure of Katz and Lodish (18) . Twenty (19) . One hundred microliters of -S-labeled extract of VSV-infected 15B cells was mixed with 100 Al of wild-type extract and 300 Al of cocktail. After 30-min incubation at 370C, 4.5 ml of ice-cold 10 mM Tris.HCl, pH 7.4/10 mM NaCl/1.5 mM MgCl2 was added and the mixture was centrifuged at 30,000 rpm in the Beckman SW 50.1 rotor for 60 min. The membranes were resuspended in 4.5 ml of 1 mM Tris-HCIl mM EDTA, pH 8.0, with a Dounce homogenizer and centrifuged again. The pellet was then homogenized in 1.5 ml of 45% (wt/wt) sucrose in the Tris/EDTA buffer and mixed with 3 ml of 60% sucrose in the same buffer. This suspension was overlaid with 2 ml each of 45%, 40%, 35%, 30%, 25%, and 20% (wt/wt) sucrose solutions in the Tris/EDTA buffer and centrifuged for 16 hr at 25,000 rpm in the Beckman SW 27.1 rotor. Fractions were collected from the bottom and were then diluted with 2 vol of Tis/EDTA buffer and centrifuged at 40,000 rpm in the SW 50.1 rotor for 1 hr. The resulting pellets were digested with Endo-H before being analyzed by gel electrophoresis. Autoradiograph of the part of the gel containing G is shown. (B) The autoradiograph was scanned with a densitometer and the relative amounts of Endo-H-resistant (@) and -sensitive (0) forms of G protein were determined as for Fig. 3 . A mixture identical to the one described in A, but which had not been incubated, was analyzed by the same procedure. All G protein from this gradient was Endo-H sensitive (data not shown). (C) Distribution of G protein in this later gradient ("unincubated," A) together with the distribution of total G protein obtained from the autoradiogram shown in A ("incubated,"
A).
as a large tryptic fragment; the slight decrease in the apparent molecular weight has previously been demonstrated (18) to be due to the loss of approximately 30 amino acids located at the COOH terminus of G on the cytoplasmic side of the microsomes. Protection was abolished by the presence of deoxycholate during the tryptic digestion (Fig. 4) . After 30-min incubation, 63% of the Endo-H-resistant form (GR) and 50% of the Endo-H-sensitive form (GS) were protected from trypsin in a similar fashion. These results indicate that G occurs in the extract as a transmembrane protein with most of its mass and its oligosaccharides inside sealed vesicles, as in rough microsomes (18) . They'also suggest that the oligosaccharides had been processed by enzymes also present inside sealed vesicles. Fractionation of Extracts Before and After Incubation. Fractionation of an incubated extract by isopycnic centrifugation in a sucrose density gradient (19) showed that the Endo-H-resistant and sensitive forms of G distributed quite differently (Fig. 5 A and B) . Endo-H-resistant forms of G were concentrated in the lighter fractions, with a distribution similar to that found (data not shown) for galactosyltransferase (4), a marker enzyme of Golgi membranes. The Endo-H-sensitive form was concentrated in the denser fractions, with a distribution similar to that found (data not shown) for the site of incorporation of [a5S]methionine into G protein after a 5-min pulse label of VSV-infected CHO cells and for other markers of ER reported earlier (19) . Fig. 5C shows the distribution of total G protein before and after incubation in vitro. Before incubation, all of G was sensitive to Endo-H (not shown) and distributed similarly to the Endo-H-sensitive form that remained after incubation (Fig.  5B) . A shift in total G protein from denser fractions (1-7) to lighter fractions (8) (9) (10) (11) (12) was observed (Fig. 5C ), due to the Endo-H-resistant G protein, which specifically appears in the light fractions after incubation. This small net shift is consistent with a transfer of about 30-40% of the total G protein from the distribution pattern of the ER markers to that of the Golgi marker enzyme, with all of the transferred G protein processed to Endo-H resistance. However, the poor resolution of subcellular organelles of tissue culture cells (19) makes this point difficult to establish firmly.
Properties and Requirements of the in Vitro System. The in vitro reaction required energy in the form of nucleoside triphosphates (Table 1, line 3) . This requirement probably reflects a need in the transport process rather than in oligosaccharide processing, because the isolated processing enzymes are not energy dependent (2, 3) .
Importantly, UDP-GCcNAc was specifically required for processing to Endo H resistance (Table 1 , lines 4 and 5), providing strong evidence that the production of Endo-H-resistant G protein in vitro involves the terminal glycosylation of G with at least one GlcNAc unit, in accordance with the in vivo pathway (2). With our assay it was not possible to establish whether Gal was also added to the oligosaccharide when UDP-Gal was present (line 5); however, this appears likely because long incubations resulted in the production of higher molecular weight forms of G protein that migrated in electrophoresis as do the sialylated forms made in vivo (Fig. 2) . External Ca2+ was not required, because EGTA did not inhibit. Interestingly, processing was inhibited by the divalent cation ionophore A23187 (in the presence of Mg2+), suggesting that divalent cations other than Mg2+ are needed on the inside of sealed vesicles. This ionophore blocks the intracellular transport of secretory proteins at a site between ER and Golgi (15) and also blocks transport of G protein in vivo,causing an irreversible accumulation in an Endo-H-sensitive form (unpublished experiments). DISCUSSION Our experiments suggest that G protein has been transported in vitro from membranes derived from the mutant 15B CHO cell to membranes from wild-type cells. It seems likely that passage to the wild-type Golgi complex has taken place, because the enzymes that mediate the oligosaccharide processing we have detected (resistance to Endo-H) have been localized to this organelle (2-5) in several cell types.
That the observed processing of G in vitro is dependent upon transport events resembling those of intracellular protein transport, and does not result from extensive and nonspecific fusion of membranes, is indicated by the following lines of evidence: (i) The same enzymatic pathway processes the oligosaccharides of G with similar kinetics in vivo and in vitro.
(ii) ATP is required for processing in the in vitro system, as it is for transport in vivo (16) . (Mi) Endo-H-sensitive and resistant forms of G can be well resolved by an isopycnic centrifugation, a result inconsistent with nonspecific fusion. (iv) Processing was inhibited by A23187, as in vivo. The specificity of the transport reaction in vitro is underscored by the high degree of processing, suggesting that most of the G protein had been correctly delivered to the Golgi membranes, despite the fact that these make up only a small fraction of the total membrane mass in the extract.
A reasonable working hypothesis based on our results is that G protein is transported in the cell-free extract by coated vesicles that bud from ER-derived vesicles (from 15B cells) and then fuse with vesicles of the Golgi complex (from wild type). This model is plausible because a similar transport block with CCCP is known to prevent exit of proteins from ER in other systems (14, 15) . It is certainly possible, however, that G has accumulated not within the ER or its transitional zone after the CCCP-induced block but instead within a transport vesicle, such as a coated vesicle or a coated vesicle that has lost its coat. In this case, the in vitro system would presumably involve fusion of the transport vesicle with the Golgi-derived vesicles, without a budding step.
The in vitro complementation between extracts of mutant and wild-type cells implicit in the design of our experiments provides assurance that we are studying truly cell-free reactions. It could have been argued that the cells have simply been disrupted in a sufficiently mild manner so as to preserve aspects of three-dimensional cellular topography and structure that are essential to the process of intracellular transport, such as connections between ER and Golgi, or an intact cytoskeleton. But the simple observation of transfer of protein between membranes of two different cell extracts speaks against this and suggests that such organization may not even be necessary in living cells to support such a vital function as the intracellular transport of newly synthesized proteins.
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